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kBSTRACT wells and standard well spacing. Analysia of shale
gaa production mechanisms indicated that an

Gas production for a 10-year period was simulated increase in the amount of surface area connected
for 16 vertical shot wells located in a 2,066-acre to the borehole by fracturea could cause more of
(8.36 x 10sm2) area containing aeven active verti- the adsorbed gaa to be released and produced over
cal wells. The performance of several horizmtal the entire life of the well. This potential
wells waa simulated and the results were compared increase in recovery efficiency was thought to be
with that of the 16 vertical wells. Finally, the achievable using a directionally drilled horizontal
horizontal and vertical wells were compared to well to cross natural fractures. Afterwarda, the
determine the best method for developin8 a virgin horizontal well would be stimulated to increase th<
reservoir. Aa few as four uruatimulated2,000 ft surface area in contact with the borehole.
(6IO m) horizontal wells were found to produce
1.5 times aa much gas as 16 vertical shot wells, Infill drilling using horizontal wells is a rela-
and only two hydraulically fractured horizontal tively new concept as a field development strategy,
wells were needed to almost match the production of A comprehensive reservcir simulation study has beer
~he four unstimulated horizontal wells. In a vir- conducted to compecrehorizontal shale wells with
giw reservoir, four unstimulated horizontal wells vertical shale wells for infill drilling and virgi[
accounted for 95 percent of the total production reservoir development in Wayne County, West Vir-
from 23 vertical wells. ginia, an area where vertical well gas production

haa been historically high and no permeability
INTRODUCTION anisotropy is thought to exist. This s.udy com-

pares shot vertical wells with both stimulated and
The U.S. Department of Energy (DOE) has been con- unstimulated 2,000 ft (610 m) horizontal shale
ducting research to determine economical ways of wells for infill drilling and virgin reservoir
producing natural gas from the Devonian shales for development.
over 10 years. In support of this research, the
United States Geological Survey (USGS) has esti- In this :tudy, a three-dimensional, dual-porosity
mated the in-place gaa of the Appalachian Basin reservoir simulator was used to characterize the
Devonian shales to be 577 to 1,100 Tcfl (1.6 x 1013 study area after senaicivity analysea were made to
to 3.1 x 1013 m3) witt,85 to 160 Tcf (2.4 x 10]2 determine those parameters significant m determin.
*.o4,5 x 1012 m3) located in areas of historical ing gas production profilea. Techniques for simu-
shaIe gas production, As or 1976, only about 3 Tcf lating gas production from a horizontal wellbore
(8.5 x 10~0 m3) of this large resource had been were developed by using a reservoir model to select
produced by about 10,000 vertical w?lLs.2 Gas pro- a horizontal well site in Wayne County, West Vir-
duction from the shales has not increased substan- ginia, and Lhen by fine tuning the model using well
tially since this time although the number of shale
wells ia now in excess of 16,000,

test data) production rates, and cores taken from
the actual hurizantal well.

Earlier efforts by DOE3 showed that it is not BACKGROUND
uncommon for only 10 to 20 percent of the available
shale gaa to be produced with stimulated vertical Since the primary analyais tool used was a three-

dimensional, dual-porosity reservoir simulator,
it is important to understand how the model works

References and illustrations at end of paper. and what is involved in history matching. The
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~ual-porositymodel simulates gas production per-
Eorma&e from a natucally frac&ed reservoir; It
iepicts ● dual-porosity system (Figure 1) in which
~as is stored in the shale matrix (less permeable
?ortion of the shale) and is aubaequently released
into the natural fracture network, which provides a
kransportmechanism for the gas when linked to the
borehole. History ❑atching consiata of adjusting
input parameters for a model until the simulated
#en or field performance is close to the actual
historicalperformance,

Prior to drilling a 2,000 ft (6IO m) horizontal
well in Wayne County, West Virginia (Figure 2), a
full-field simulation of the aeven vertical shot
~ells near the well site was performed using this
three-dimensional,dual-porosity gas simulator.
!iiatoricaldata from 25 of 38 wells (Figure 3) were
used for this simulation, with the first well put
into production in 1932. Individual well history
natches were determined for each of the 25 wells by
varying k and h and matching againat production
mly. All other parameters were held constant and
iieretaken from a previous DOE study.a T.?ese
valuea are shown in Table 1,

rable 2 lists the important model-derived parme-
tera determined by the individual well matches. A
small area of approximately 2 mi2 (5.18 Iu02) that
contained seven active shale wells was selected to

simulate the per’armance of three 2,000 ft (610 m)
horizontal wells (Figure 4), aa well as three ver-
tical shot wells located along the horizontal well
sites. Data on the seven vertical wells is shokm
in Table 3, and results from this effort are ahown
in Table 4. Production labeled as interference in
Table 4 ia the amount of gas stolen from the seven
active vertical shale wells by the corresponding
horizontal well. The initial flow rate predicted
by the model was 120 McFcI (3,4 x 10s m3/d) for the
actual 2,oOO ft (610 m) horizontal well (WNW2 in
Figure 4), while the measured flow rate wag 37 Mcfd
(1.05 x 109m3/d). It was decided to perform the
simulation again, making use of all the new data
that were available after the horizontal well was
drilled and tested. The purpose was to better
explain the initial production performance of the
horizontal well and to more accurately compare ver-
tical shot wells with horizontal wells when used
for infill drilling or virgin reservoir develop-
merit. The data included a matrix permeability
~easurement taken from a coce sample, flow rates
and pressures taken from well testing, and natural
fracture spacing taken from a downhole video camera.
The original simulation matched production only
when some of the key unknown parameters such as
adp~rbed gaa, producing thickness, and vertical
permeability were fixed at 83 percent of the gas-
in-place, 180 ft (54,86 m), and k = k = kx,
respectively. Detaila of thiu si~ulet~on are
described in a previous SPE papers

TECHNICAL APPROACH

IThia new simulation used a 9,000 ft x 10,000 ft or

13.25 mi’ (2,743 m x 3,048 m ~r 8,4 km2) ~rea con-
taining the same aeven active vertiual shale wells
aa the original study (Figure 5). Full-field his-
tory matching was performed ao that matchea were
obtained against (1] cumulative production for all
seven wells, (2) 7-day shut-in pressures for three
of the seven wells (taken in late 1985), and
,(3)pressure and initial flow rate for the 2,000 ft

(610m) horizontal well. The full-field match alsc
matched the individual well production histories
(Table 5). A grid of 63 x 60 x 3 = 11,340 blocks
waa used with the verticsl shot wells represented
by3ftx3ft= 9 ft2 (0.91 mx 0,91 m =0.84 m~)
blocks and the horizontal well represented by
lftxlft= 1 ft2 (0,3mx 0.3m= 0.09m2)
blocks. The vertical wells penetrated the entire
producing thickness while the horizontal wells
extended 2,000 ft (610 m) through the reservoir.
The full-field simulation was conducted in order
to characterize the study area for those parameter
most affecting gas production, namely kf, adaorbed
gaa, h, current rock pressure, and k=. (See
Figures 6 and 7.)

The initial reservoir pressure wao 540 psi (3.7 MPI
and the current average rock prec~dre approximately
200 psi (1.38 MPa). A calcul~cion waa made to
determine approximate ‘;dues for productive thick-
ness and adsorbed gos content. Thz equationa used
the ideal gas law and were functions of gas-in-
place, system pressure Change, and cumulative pro-
duction. Based on the calculations, a producing
thickneaa of 51 ft (15,54 m) and an adsorbed gaa
content of 0.0007 acf/ft3/paia (0.0048 ms/m3/KPa)
were determined. These values were aubatantially
different from the original onea used of 180 ft
(54.86 m) for the producing thickness and
0.005 scf/ft3/psia (0.0345 ms/m3~KPa) for the
adsorbed gas content. The percent o: adaorbed gaa
in-place was reduced from 83 to 32 for the new
Study . The 51 ft (15.S4 m) producing thickrwaa
alao agrees very well with a measured value for th{
Lower Huron (the producing shale zone) determined
at a DOE-sponsor~d field test in Meigs County,
Ohio.s Directional permeabilities for the fractun
system were then varied until history matchea were
obtained for (1) current rock pressurea for three
of the seven wells and production profiles for all
seven vertical wells, and (2) the initial flow
rate and mea:ured pressure for the 2,00~ ft (610 m
horizontal wi.1. Directional permeability varied
laterally from 0.077 md to 2.47 md and was fixed
at 0.01 md in the vertical direction. At this
point, the study area waa completely characterized
a well cf any type could be placed anywhere in the
area and ita performance could be accurately pre-
dicted. The simulation ahowed approximately
6,000,000Mcf (1.; x 10a m3) of original-gas-in-
place with th? seven vertiral wells producing
approximately 51 percent of this gas as of late
1985. Reservoir data for this simulation is liate
in Table 6.

VERTICAL VERSUS HORIZONTAL WELLS FOR INFILJ
DRILLING——

After using history matching to characterize the
3.25 mi2 (8,4 km2) study area, several simulations
were executed. These consisted of (1) placing
]’,vertical wells in the study area, IV8-IV23 in
Figure 8, and simulating their production from lat
1985 until 19’Y5;(2) simulating the production of
four unstirnulated2,000 ft (610 m) horizontal well
simultaneously over the same 10-year time period,
NW1-NW4 in Figure 9; and (3) simulating She pro-
duction from two 2,000 ft (610 m) stimulated hori-
zontal wells simultaneously for the same time
period, SHW1-SHW2 in Figure 10. In each of these
simulations, the aeven active vertical shale wells
VW1-VW7 in Figure 9, were produced with the firat
well having come on-line in 1932.
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Placxng 10 vertical iiiFlll h 5 x

(8.4 km2) study area reduce~th~w~l~ ~~%gm:rqm
11 i

295 to 90 acres (1.2 x 106 to 3.64 x 10 IS2). This
spacing is not unusual for Devonian shale wells.
Four unstimulated 2,000 ft (6IO m) horizontal wells
when used for infill drilling were ahown to produce
1.5 times aa much ~as as 16 vertical shot wells.
The four unstimulated horizontal wells showed a
total gas production of 604 MMcf (1.7 x 107 ❑$) and
the 16 vertical wells had a combined production of
382 MMcf(1.08 x 107 ins). Individual horizontal
well production alao varied widely with HW2 showing
215 MMcf (6.08 x 106 ms) and HWl showing 114 MMcf
(3.2x 108m3). TWO stimulated 2,000 ft (610 m)
horizontal wells were shown to produce almost as
much gas as the four unstimulated horizontal wells,
and stimulating a horizontal well with four 250 ft
(76.2 m) Win81en8th hydraulic fracture treatments
was shown to substantially increase its production
over a 10-year period (approximately55 percent).

The stimulated horizontal wells were simulated by
usin8 10 ft x 10 ft = 100 ft2 (3.05 m x 3,05 m =
9.3 m2) block that extended 2,000 ft (610 m)
through the reservoir. Previous work showed thzs
method to be ●quivalent to studying four 250 ft
(76.2 m) win81ength hydraulic fracture treatments
in the reservoir. Production profiles for these
simulations is sumarized in Table 7.

The actual cost of completing the unstimulated
2,000 ft (610 m) horizontal well in Wayne County
was four times that of a vertical well, while the
predicted improvement in production of a horizontal
well over a verticol one was six to one. Air waa
used aa the drilling medium for completin8 this
well. A significant reduction in drillin8 costs
seems possible since a long horizontal well was
recently completed in North Dakota7 that only cost
twice as much as a vertical completion.

VERTICAL VERSUS HORIZONTAL WELLS FOR VIRGIN
RESERVOIR DEVELOPMENT

Several additional simulations were executed in
order to compare vertical wells with ~orizontal
wells when developing virgin resenoirs. These
simulations t~startedt!in 193$?and wer@ rl~nfor a

10-year period. Since the reservoir had been char-
acterized through history matching, this technique
was equivalent to sir.ulatin8the development of the
reservoir when it waa a virgin reservoir. ‘Chcsimu-
lations investigated were (1] simulating 10-year
production for 23 vertical shot wells, VWI-VW7 and
IV8-IV23 in Figure 8, with all wells operating
simultaneously; (2) simulatin8 the 10-year produc-
tion of four 2,000 ft (610 m) unstimulated horizon-
tal wells simultaneously, HW.-HW4 in Figure 9; and
(3) simulating the 10-year production of two
2,000 ft (610 m) stimulated horizontal wells simul-
taneously, SHW-SHW2 in Figure IO.

Reaulta from these simulations showed horizontal
wells to be superior to vertical wells when used
for developing virgin reservoirs. Four unstimu-
lated horizontal wells accounted for 95 percent of
the total production from 23 vertical shot wells,
while two stimulated horizontal wells were again
almost equivalent to four unstimulated ones.

Production figures for these simulations shosed
2,649 MNci (7.5 x 107 ms) for the 23 vertical
wells, 2,517 MNcf (7.1 x 107 ❑3) for the four

.—
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unstimulated horizontal wells, and 2,433 NMcf
(6.9 x 107 m3) for the two stimulated horizontal
wells. A8ain, location was an important factor
since HW2 produced 1,224 MMcf (3,5 x 107 m3) of
gaa, while HWl produced 368 NMcf (1,04 x 107 m3)
of gas. When developing a vir8in reservoir, a
stimulated horizontal well showed a 10-year
increase in production of 34 to 47 percent over
its unstimulated counterpart. Production data
from these simulations are summarized in Table 8

CONCLUSIONS

The following conclusions are supported by the
analysis presented in this paper:

Four horir.ontalwells can produce 1.5 times
much 8as as 16 vertical wells when used for
infill drilling or for virgin reservoir
development.

Only two horizontal wells were required to
achieve the same effect whenever stimulation:
was sdded.

In developing new areaa, the production pot
tial from four unatimulated horizontal well
is equal to that of 23 vertical wells. Thi
can be reduced to two horizontal wells by
applying stimulation to them.

Reservoir simulation is a powerful aid in
characterizing 8as reservoirs and determini
well locations for field development.

NOMENCLATURE

h = Net producing thickness, (ft).

‘f
=Natural fracture permeability, (red).

kx = Natural fracture permeability in the
x-direction, (red).

k = Natural fracture permeability in the
Y y-direction, (red).

kz = Natural fracture permeability in the vertic
direction, (red).
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Cumulative

198S) 24.
Completion Production*

Well Date (MMcf)

TABLS 1 Vwl 1932 310

Single Well Analysia Parameters Held VW2 1941 382

Constant, Wayne County, West Virginia,
Original Simulation VW3 1942 804

VW4 1955 1,370

Parameter Value
VW5 1960 189

Gaa Desorption Rate 0.005 scf/fts/psia
VW6 1965 24

Drainage Radius 1,000 ft
F-w? 1984 13

hatural Fracture Spacing 5 ft

Matrix Porosity 0.01 (1%) Field-Predicted Cumulative Production by
Simulation = 3,098 NMcf.

Matrix Permeability 5 x 19-6 md
Actual Field Cumulative Production =

Fracture Porosity 0.0009 (0.09%) 3,092 MNcf.

Permeability Anisotropy Ratio 1:1 * values reported up to the end of 1985.

Average Initial Rock Pressure 375 psia

TABLE 4

20-Year Copulative Production for Wayne County (NNcf) Criginal Study

Horizontal Shale Well Vertical Shale Well Improvement

Well Unstimulated Stim. :ed Interference Unstimulated Stimulated Interference Ratio H:V

WHwl 820 1,659 187 78 .“ 78 10:1

WHW2 502 835 15 75 .- 3 7:1

WHW3 149 589 70 22 .- 20 7:1
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lfi-toayMttching Dsta for New Simulation

-ml Cumulative Production (KNcf> 7-DaY Shut-ln Pressure (Psi)

Nu811t r Real Simultted Real Simulated

VW 310 309 . . . .

W2 38’3 317 . . 213

VN3 804 7s7 196 215

VW 1,370 1,314 zoo 1s1

VW5 189 18S 260 262

W6 Zfl 24 . . 186

VW ~_ 13 . . 116

Taal 3,092 3,01Z

———

TABLS 7

10-Year Cumulative Production for Infill Wells OfMf)

well
Number TYOe Product ion

lVS Infill Vertical 28
I V9 Infill Vertical 20
IV1O Infil 1 ‘?ertical 13
Ivll Infil. Vertical 40
IV12 Infill Vertical 26
IV13 Infill Vertical 31
1V14 Infill Vertical 29
1V15 Infill Vertical 17
IV16 Infill vertical 18
lv17 Infill vcrtic*l Is
Ivls Infill Vertical 23
1V19 Infill Vertical 30
XV20 Infill Vcrtic*l 26
Ivz1 Infill Vertical 22
1VZ2 Infill Vertical 21
1V23 Infill Vertic*l _2J
Total 3S2

NW Infill Horizontal 114
NV2 Infill Horizontal 215
HV3 Infill Horizontal 154
NW Infill Horizontal 12J

Total 604

S7M Stimulated Xnfili HorizoDttl 330
SHwz Stimulated Infill Norixonttl @
Total 569

TABLS 6

Remrvotr Data for fhw Simulation

Gas Desorption Rate

Natural Fracture SpacinS

thtrix Porosity

tfatrix Permeability

Fracture Porosity

Permeability Anisotropy

Initial Rock Pretcure

Iaitial OaS-In-Place

Net Producing ‘fhickneaa

Ratio

Average Natural Fracture Permeability

Ranse of Natural Fracture Permeabilitiet

Vertictl Permeability

Percent of Free C*S in the Fmctutez

Percent of Free Cea intbe Hatrix

Percmt $f Adsorbed Gan

Average Current Rock Pce#sure

. ●

I

I
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I

0.0007 *cf/ ftslpaia

s ft

0.02 (z%)

0. 000S2 ❑d

0.0009 (0.09%)

1:1

540 p8it

6,000,000 Hcf

51 ft

0.69 ❑d

0.071-2.47 ad

0,01 md

Z.9%

65. 4X

31.7%

200 pwis

TASLS 8

10-Year Cumulative Production for Well=
Starting Production in 1932 (tfHcf)

Number Tv9e Production

VW Vertical 4s
vk’2 Vertical 79
W3 Vertical 119
VW Vertic*l 5s7
VU5 Vertical 95
VW6 Vertical
VW vertical 3Z
IVS Vertical Ss
IV9 Vertical 71
1V1O vertical 59
XVII Vertical 159
1V12 Vcrticai 83
2V13 Vertical 91
1V14 Vertical 84
1V15 Vertical 51
1v16 vertical 73
XV17 vertical 65
lVIS Vertical 69
rv19 Vertical 85
IV20 vertical 75
lVZI Vcrtic*l 70
Ivzz Vertical 71
1v23 Vertical >
Total 2,649

Hvl Urmtimulatcd Horizontal 368
HW2 Unstimulatcd Horizontal 1,2Z4
NW3 lht imulated Horizonta I 543
RU4 tkmtimulatcd Horizontal ~
Tntal 2,517

SHW1 Stimulated Horizontal 1,635
SNW2 Stimulated Horizontal >
Total 2,433
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